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ABSTRACT _

An important challenge for the cryogenic systen designer of space-instruments is achieving
stable emittance values for low-emittance cryogenic surfaces that may be affected by condensed
water films or other outgassing products over the life of a mission. Typically, low-emittance
cryogenic surfaces getter water films that increase in thickness over time and may lead to signifi-
cant increases in the cryogenic heat load. If excessive load levels are reached, the cryogenic
surfaces must be "defrosted” by raising them to elevated teraperatures (o evaporate the built-up
contaminant films.

- As a help to those designing and conducting future long-life missions with cryocoolers, this
paper summarizes the applicable physics associated with surface contamination and compiles
example flight data on contamination effects experienced during multi-year space missions and
ground tests. The flight and ground test data are then compared with the physical parameters
involved with contamination transport rates and the dependence of emittance on contaminant film
thickness. Although the test sample is small, the data indicate that around a 10-20% load increase may
be expected on-orbit due to contamination of low-€ surfaces. This level is found to be consistent with
the sensitiviry of emittance to film thickness and the expected contaminant levels in space.

INTRODUCTION

The cryogenic heat loadson a cryocooler can be roughly divided into three types: 1) Electri-
cal power dissipation such as from a focal plane detector, 2) conductive parasitics down supports
and electrical cables, and 3) radiation loads dependent on surface emittances and view factors of
warmer objects that surround the cryogenic surfaces. In general, the electrical and conductive
loads are relatively stable and predictable over the mission. However, the radiation loads are
strongly dependent on surface temperatures and emittances that can change over time In less
predictable ways. Key drivers for radiation loads are:

o The effective emissivity of the cryogenic surface area. Because the load is directly propor-
tional to the emittance, very low emissivity levels (€< 0.05) can result in smaller loads.
However, very small changes in the emittance (Ae = 0.05) will have a very large effect.

o The temperature of the warmer background that is radiating to the low-emissivity cryogenic
surface. The radiation load varies as the fourth power of this background temperature.
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e The total cryogenic surface area subject to radiation; the load is directly proportional to the
total cryogenic surface area.

Given the above, the most sensitive parts of a cryogenic system will be high-surface-area
parts at cryogenic temperatures that view high temperature surrounds, and utilize very low emit-
rances to reduce the load. A difficult challenge faced by the cryogenic system designer is uying
to achieve stable long-term emittances for these low-emittance surfaces as they are affected by
contamination by condensed water films and outgassing prodicts over the life of & mission.

THE PHYSICS CONTROLLING CONTAMINATION SENSITIVITY

As a precursor 10 examining measured rates of load inerease in space, it is useful to first
review the physics involved with contamination transport rates and the dependence of emittance
on coptaminant film thickness.

Fffect of Contaminant Film Thickness on Emittance

Very thin deposited films of contaminant gases can significantly influence the emittance of
Jow emittance surfaces such as polished gold or aluminum. Figure I describes the strong sensi-
tivity of the emissivity of polished stainless steel to deposited films of various substances.! Note
that thin films of water-ice have a particularly pronoumeed effect, increasing the emittance of the
polished metal surface at an initial rate of around Ae =~ 0.2 per microrneter of water-ice thickness.
Note also, that the emittance of water-ice films continues to increase and approaches unity at film
thicknesses greater than 20 pm. ' _ .

One can use these data to estimate the allowable film thickness for water-ice on 2 low emit-
tance cryogenic surface. For exemple, for a polished gold surface with a nominal emittance of
0.05, a water-ice film thickness of approximately 1.0 micron would be expected to increase the
emittance by two or three times, and thus greatly increase the radiative loac.

Contamirant Film Transport Dynanties

_ Given that very thin deposited films of contaminant gases can significantly influence the

emittance of low-emittance surfaces, the next issue is the rate that such films build up—in particu-
lar the rate dependence on the partial pressure of the contaminant gas that surrounds the target
surface, and the surface temperature.
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Figure 1. Emissivity of polished stainless steel at 77K versus film thickness of various frozen gases.'
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Figure 2. Saturation pressure curves of various gases (Clapeyron constants from Ref. 2).

Saturation Vapor Pressure. The saturation vapor pressure of a contaminant gas is the
pressure at which the gas is in equilibrivm with its solid or liquid phase at the same temperature.
As noted in Fig. 2, the saturation vapor pressure of gases is a very strong function of tempera-
ture—spanning many orders of magnimde over the range of cryogenic temperatures. Of particu-
lar interest to the problem of surface contamination, a contaminant gas will build a meaningful
" film on a surface only if the gas’ existing pertial pressure is greater than or equal to its saturation

pressure at the temperature of the cryogenic surface. By meaningful, we mean the film will
develop enough thickness to have a measurable effect on the surface emittance. Virgin surfaces
will adsorb and hold many monolayers of gas because the water-metal bond is much stronger than
- the water-water bond. However, the equilibrium thickness of these few monolayefs 1s not suffi-
cient to have a measurable effect on the surface emitrance.
As an example, note in Fig. 2 that for a cryogenic surface ar 145K, a meaningful water film
will deposit if the partial pressure of the surrounding water vapor is greater than 10-8 torr; like-
- wise, no significant film will develop if the partial pressure is less than 10-8 torr. Or, from a
cryopumping point-of-view, if one has an instrument enclosure at 145 K, the partial pressure of
‘water vapor in the enclosure will be reduced to 10 torr by the cryopumping action of the
enclosure walls.

Surface Residence Time. Another physical parameter associated with film development is
-surface residence time. This is the average time between when a molecule arrives on a surface and
when it leaves the surface. In other words, it is a quantification of the ability of a molecular
species to outgas from a particular surface at a particular temperature. Figure 3 illustrates the
surface residence time mvelving two types of molecular bonds: 1) water-water bonds, and 2}
water-metal bonds.? Note that water is extremely tightly locked onto virgin metal surfaces below
250 K, but also to surface films of water below 100 K. For such surfaces the residence time is
several years, and the surface film of water is essentially immobile. Thus, once water arrives on
a cryogenic surface, it is very difficult for it to leave and migrate to another surface.

Predicting Typical Film Deposition Rates. For most applications involving cryocoolers,
any cryogenic surfaces will be typically enclosed in a larger volume substantially warmer than the
cryogenic surface itself. An example would be a cryocooler cold-tip enclosed in a room-tempera-
ture vacuum chamber, or a 60 K cryocooler cold-tip enclosed in a 150 K thermal shield. For such
a case, the temperature of any residual gas m the volume will be approximately equal to the
temperature of the chamber or shield wall, and any deposited film will be at the temperature of the
cryogenic surface. Note from Fig. 3, that once a gas molecule hits a cryogenic surface, it is
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Figure 3. Residence time for water breaking water-water bonds and water-metal bonds.

unlikely to retwrn to the swrounding gas. The rate at which molecules stick to the cryogenic
- surface and contribute to the film growth is referred to as the cryogenic pumping rate; this rate
has been extensively modeled in the literature based on the kinetic theory of gases.4S For our
case, the residual gas pressure is typically >10x higher than the saturation gas pressure on the
cryogenic surface, so the net mass flux collected by the cryogenic surface simplifies to:

m o= 5.83x107A P yM/T (1)
where
m = rate of mass collected (g/sec)
A = area of the cryogenic surface (cm?)
P = external residual gas pressure (torr}
M = molecular mass of the residual gas (e.g. M=18 for H,0}
T = extermal gas temperature (same as external wall temperature) (X)

- Equation 1 also applies to the rate of sublimation from a surface where the saturation pressure of
the surface is much higher than (> 10x) the residual pressure in the surrounding volume. How-
ever, for this case T is the temperature of the cryogenic surface, and P is the flm saturation
pressure (from Fig. 2) corresponding to the temperature of the cryogenic surface.

To estimate the rate of film thickness buildup, or loss, we must divide by the film density and

- area; thus

T§ = 5.83x102(P /p) NMI/T ‘ (2)
where
§ = rate of film thickness buildup (cm/sec)
p = density of film (typical value for water ice is 0.9 g/cm?)

To quantify the issue for our application, consider a polished gold surface at 80K surrounded
. by water vapor at a partial pressure P =103 torr and temperature of 300K. For a cryogenic
- surface at 80K, Fig. 2 indicates that the saturation pressure is many orders of magnitude below
the residual gas pressure of 10 torr, so Eq. 2 is applicable, i.e., the rate of film deposition is
completely determined by the external gas temperature end pressure. Substituting these values
into Eq. 2 gives ' »
& = 5.83x10-2(105 /0.9) 4/18/300 = 3.74x107 cm/s = 0.0037 um/s (3)

Thus, around 5 minutes would be required to build up 2 1 um film of water with 2 corresponding
emittance increase of Ae=0.1. Note that the rate of buildup is relatively independent of the
cryogenic surface temperature once the saturation pressure at the surface temperature is well
- below the external vapor pressure.




 As a second exém'ple: one can compute what external vapor pressure of water would be
required to keep the deposited film thickness growth to 1 um/year (3.17x10-12¢cm/s). Using Eqg.
2 and solving for P gives:

P =17.156p/T/M = 17.15 (3.17=10-12 cm/s)(0.9)(300/18)0-5 = 2.0x10-10 torr  (4)

Thus, to achieve a long period without contaminarion, requires a very low residual partial
pressure of water, or a high level of isclation of the cryogenic surfaces from the residual gas
-source. '

‘Predicting typical filin deposition rates where the gas source is isolated from the cryo-
genic surface. For many applications involving cryocoolers, the cryogenic surfaces are carefully
sealed off from sources of external contaminants using multilayer insulation or physical barriers.
For such applications it is useful to understand how well the sealing must be to achieve a desired
film deposition rate. For the typical case where the pressure outside the restriction is much
- greater than (> 10x) that near the cryogenic surface (the low pressure volume), we find that Eq. 1
again applies, but with the following change in definitions

mh = 5.83x102A P M/T ' {5)

where
fm = rate of mass passing through an orifice inta the low-pressure volume (g/sec)
A = area of the crifice (cm?)
P = gas pressure outside the orifice (externzl source pressure) (torr)
M = molecular mass of the gas {(e.g. M =18 for H,O)
T = gas temperature ouside the crifice (extemnal source temperature), K

Comparing Eq. 5 with Eq. 1 indicates that the mass flow rate and film buildup rate are
reduced proportional to the area ratio of the orifice area to the cryogenic surface area. Thus, a
%100 rate reduction can be achieved by restricting access to the volume containing the cryogenic
surface via an orifice with an area of 1% of the cryogenic surface arez.

Emittance Degradation with Multilayer Insulation (MLI). For many applications involv-
Ing cryocoolers, the low emittance surface is achieved using biankets made up of multi-layers of
aluminized Mylar with internal spacer scrims to minimize direct film-to-film conduction. The
various layers of the MLI thus operate as a stacked series of radiation shields at progressively
Increasing temperatures — from the cryogenic surface temperature to the surround temperature.
Analyzing the effect of surface contamination on MLI is beyond the scope of this article, but the
physics mvolved is the same, with the considerably added complexity of quantifying the water
vapor migration rate through the MLI to get to the layers that are below the vapor's saturation
‘temperature. Thus, the MLI acts as both a series of low emittance surfaces, plus a gas migration
barrier to slow the deposition tate of contaminant films on the layers that are sufficiently cold.
Unfortunately, the higher temperature layers of MLI blankets also serve as a considerable source
of trapped surface moisture, and thus serve as a source of the water vapor capable of condensing
on cold instrament optical and low-emittance surfaces.¢

FLIGHT EXPERIENCE

Although the above theoretical background illuminates the physics behind the contamination
of low-emittance cryogenic surfaces, there are a number of parameters that remain unquantified
in practice. These include such things as:

¢ What is the background partial pressure of water in space in the interior of an Instrument,

and how does it vary over the course of a long-term mission?

s What sort of typical emirtance changes or cryogenic load increases are seen over a long-

term space mission?



ko
@
[=]

E_“_ S TIF 8
200 E— % i ';-———1__,4____ :
¥ E a '
I b ! i !
woE ; i . q | !
> o l ‘ i
z = ! - L T e mend i

% 00_ 2¢ . 40 {343 BG IIQ-O 120 140

=
= ; . .
i : i ;
= | ' !

1 1 1
& ! : 5
: /_['f’#’ E ‘

g ; T P
8 L s [
S v .

’ - TIF A
~emm—-— TIP B

20 TR 6 ad T 120 110
TIME SINCE START OF COOLER OPERATION IN ORBIT, days

Figure 4. Coldtip temperature history for the ISAMS instrument aboard the UARS spacecraft.” Vertical
excursions are decontamination cycles where the instrument was heated to near room temperature
to outgas the contaminants that were gettered to the instrument's cold surfaces.

To shed some light on these questions this section examines available data on the contamina-
tion effects experienced during multi-year space missions and laboratory life tests carried out over
several months.

ISAMS Flight Experience

One of the first large cryocooled instruments in space was the’ Improved Stratospheric and
Mesospheric Sounder (ISAMS) mstrument that was launched aboard the Upper Atmospheric.
Research Satellite (UARS) platform in Septeraber 1991. This application utilized two Oxford:
80K cryocoolers runming at ~83% stroke to hold a number of cryogenic detectors near 80K.

* Figure 4 highlights the cryogenic temperature increase experienced by this instrument.” Imme-
diately after turn-on in orbit, it can be seen that the temperature of the detectors increased by
around 5K (from 80 to 85K) over a three-week period. This temperature increase, which is
considered 1o be the result of contamination gettered onto the cold plumbing's low-emittance
surfaces, necessitated conducting a number of high-temperamure decontamination cycles. Over
time, the level of contamination slowly subsided, and after a year in orbit, the time required to

reach a five-degree AT gradually increased to 2-3 months. This decrease over time confirms that
the contamination was external-to and not internal-to the cryocooler.

To estimate the level of load increase associated with the 5K AT one can appeal to the
performance curves® for the 80K British Aerospace (BAe) cooler shown in Fig. 5. From these
~curves it is seen that a temperature change from 80 to 85K at a constant piston stroke (83% of

gmm = 6.64mm) equates to a load increase of around 100 mW per cooler, or a 12% increase in.
the total cryogenic load. Understanding the actual level of emittance increase weuld also be
useful, but the data needed for this calculation were not available to this author.

"MOPITT Flight Experience

As a second example, the Measurements Of Pollution In The Troposphere (MOPITT) instfu—
tent initiated operation in March 2000 aboard the NASA BOS Terra spacecraft.® This instru-
ment uses two back-to-back BAe 50-80 K coolers to cool two detectors: #1 at around 92K, and #2
ot around 85K, The instrument uses closed-loop control of the cooler stroke 10 maintain the #1
coldtip at a constant 78K to control the #1 detector temperature, while the second cooler is forced
to match the stroke of the first to maintain vibrarion control; the second cooler's cold-tp tempera-
ture thus varies somewhart.
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Figure 6. Cryocooler-coldtip and detector temperarure and compressor stroke and current history for

MOPITT instrument from beginning of mission to Ops day 37019

Figure 6 describes the stroke and temperature history of the MOPITT coolers during the first
year of mission operation. 10 Note the decontamination warm-up cycle that was carried out around
day 190 to recover gradual deterioration of the instrument's science quality. During the first part
of the nission it can be seen that the cooler stroke increased from 6.4 to 6.9 mm p-p to carry the
gradually increasing cryogenic load. After the decontamination cycle, the load fully recovered to
its original value and the cooler stroke returned to 6.4 mm. Note also that contamination after the

- warm-up cycle reoccurred at a much slower rate than the original contamination, thus confirming

“that the confamination was external to the cryocooler.
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80K cryocooler plotted versus stroke, Input power, coldtip load, and coldtip temperature.

To estimate the level of load increase that occurred, one can examine representative curvest!
for the performance of the BAe 50-80K cooler as shown in Fig. 7. By plotting the MOPITT
operating points on these curves it is seen that a stroke increase from 6.4 mm t0 6.9 mm at the
observed coldrip temperatures corresponds to a load increase of about 130 mW (8%) for cooler #1
and 230 mW (15%) for cooler #2. This is not too different from the ISAMS experience, although
ISAMS chose to conduct its decontamination cycles at more frequent intervals.

RAe 80 K Cooler Life Test Experience

~ As a third example, a BAe 80K cooler was Jife-tested in 2 vacuura bell jar at TRW m 1992
for around 160 days.!2 During this lifetest the chamber was maintained with a vacuum around
105 torr, and the cryocooler coldfinger was wrapped with multlayer insulation (MLI). As
shown in Fig. 8, the coldtip experienced a continuous temperarure increase over the lifetest period
At 2 near-constant rate of 5.48 K/year. Similar to the ISAMS and MOPITT performance, the
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~ Figure 10.Scale dra\#ing of the BAe 80K cryocooler coldfinger (dimensions are in mm); the esti;mated
cryogenic surface area is approximately 25 cm®

- performance degradation was rraced to contamination of the external low-emittance thermal sur--
faces. From Fig. 9 it can be seen that 5.48 K/year at around 52 K equates 10 & radiation load
increase of around 140 mW/year, again similar to the ISAMS and MOPITT experience.

To evaluate the load increase in rerms of emittance increase requires the surface area of the
cold surfaces and the temperature of the hot surrounds. Figure 10 is a scale drawing of the BAe
80K coldfinger from which the MLI area has been estimated to be around 25 cm?. The bell jar

- was at room ambient (296 K). Solving for the increased emittance gives:

" Ae = AQ /[5.67 x area x (Ty/1000)]
= 0.14W /[5.67 x 25cm? x (296/1000)4
= (.13/year '

1, as opposed to MLI, this systermhad a'single low emittance surface, Fig. 1 suggests that the
emittance increase would amount to 2 single-surface ice film thickness growth of around 0.7 pma/
year = 2.2x10-12¢m/s. Similarly, fora single low-¢ surface, Eq. 4 can be used to estimate what
the background water vapor pressure would have had to be for this rate of film growth. Thus

P 217156 p/TM = 17.15 (2.2x 1012 con/s)(0.9)(300/18)°9 = 1.4x1070 torr (6)

Since this partial pressure of water is well below the expected vacuum chamber water vapor
pressure, it suggests that using mulitilayer MLI is much better than a single low-emittance surface
in controlling the effects of contamination. The data also suggest that to fully stabilize low




emnissivity surfaces either requires very low partial pressures of water (say <10-12torr), or more
effective MLI involving many more layers that are kept contamination free. For ground life tests,
ome means of achieving a very low partial pressure of water is to shield the cryocooler coldend
wirh 2 cryopumping shield with a temperalure below around 120K.

SUMMARY AND CONCLUSIONS

A brief review of the physics of cryoconde‘nsétion’ has been presented o providé insight into the -

in-space cryccontamination issue and its effects on low-emittance surfaces. However, appropriate
values for key parameters such as the effective partizl pressure of water in a long-term space mission
and the sensitivity of MLI to moisture film buildup are not readily available. As cne means of
estimating these unknown pararneters, the in-space performance of some previous cryocooler-based
space missicns has been examined. - Although the mission sample is small, the data indicate that
around a 10-20% load increase may be expected on-orbit due to contamination of low-¢ surfaces. This
is for a typical cryogenic space mstrument with a total cryogenic load on the order of one watt. '

Historically, the established way to deal with this load increase has been to periodically boil
off the contaminants by heating the cryogenic surfaces to near room temperature. This procedure
‘has been found to work well, but the deep thermal cycling can also be very stressful to the systems
involved. In addition, to provide sufficient cryocooler headroom 10 insure long uninterrupted
operating periods between decontamination cycles, cryocoolers need 1o be appropriately over-
sized to accommodate this contamination-driven load increase. _

In the future, it would be desirable to incorporate improved design features mto cryogenic
space applications that would greatly reduce or eliminate the degrading effects of on~-orbit con-
tamination. In the mean time, the issue of managing in-space contamination needs 1o be a focused
part of the design and operation of any long-term cryogenic space application.
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